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Abstract 
 
Ziram, one of dithiocarbamate fungicides, is widely applied to agriculture because the agent 
protects various crops from fungal infections. Risks of dithiocarbamate biocide use are 
concerned. It was previously reported that Ziram increased the intracellular concentration of 
Zn2+. Therefore, we cytometrically studied the mechanism of Zn2+-dependent lethal actions of 
Ziram on rat lymphocytes under environmentally relevant Zn2+ levels. Membrane and cellular 
parameters of rat lymphocytes were estimated by flow-cytometric techniques with appropriate 
fluorescent probes. The Ziram-induced increase in cell lethality was completely attenuated by 
Zn2+ chelators. A significant raise of cell lethality was found on the simultaneous application of 
Ziram at a sublethal concentration and ZnCl2. The combination of Ziram and ZnCl2 increased 
the cellular superoxide anion content and decreased the cellular GSH content, which possibly 
caused the increase in cell lethality. The zinc concentrations under present experimental 
conditions were comparable to the environmentally relevant concentrations found in rivers. 
Therefore, the environmental level of zinc may be critical in estimating the toxicity of Ziram to 
wild animals. 
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1. Introduction 
     Ziram, one of dithiocarbamate fungicides (Fig. 1), is employed to protect crops from 
fungal infections in agriculture 1–3. The use of dithiocarbamate biocide has raised increasing 
concerns regarding its environmental and health risks 2,3. Experiments were performed to 
evaluate the cellular toxicity of Ziram in rat hippocampal astrocytes 4. Ziram accelerated lipid 
peroxidation and lowered the cellular glutathione (GSH) content. The oxidation of thiols to 
disulfides resulted in Zn2+ release from thiols of protein and nonprotein 5. Ziram raised [Zn2+]i, 
but not [Ca2+]i, and increased the living cells that were positive to annexin V 6. Therefore, we 
hypothesize that Ziram exhibits Zn2+-dependent cytotoxicity. The previous study lacks the 
information on the effect of zinc on cell lethality caused by Ziram, the mechanism of the action 
of sublethal levels of Ziram in the presence of environmentally relevant levels of zinc, and its 
implication in toxicological and environmental sciences.  
     Zinc is used in many industries, and the industrial wastewater is polluted with the 
excessive amount of zinc released 7. The maximum zinc concentration in river water ranged 
from 0.14 to 0.22 mg/L in the rivers of north Portugal 8, and from 0.08 to 1.76 mg/L in the 
Gombak and Penchala Rivers, Malaysia 9. Zinc concentration in water samples collected from 
the Godavari River, India, ranged from 4.2 to 6.7 mg/L 10. The calculated zinc concentrations 
in samples collected from these rivers were 2.1–102.4 µM. Therefore, the concentration of 
zinc in river water may be critical for the evaluation of environmental toxicity of Ziram. 
     In this study to test the hypothesis described above, we have cytometrically examined the 
effects of sublethal levels of Ziram on rat thymic lymphocytes in the presence of zinc at 
environmentally relevant levels. This study may provide basic information regarding the 
mechanisms underlying Zn2+-related adverse actions caused by Ziram at sublethal levels on wild 
mammals. 
 
2. Materials and methods 
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2.1. Chemicals 
     Ziram (purity 99.9%) was a product of Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 
Chemical structure of Ziram is shown in Fig. 1. Fluorescent probes described below were 
purchased from Invitrogen (Eugene, OR, USA). The Zn2+ chelators for extracellular and 
intracellular Zn2+, diethylenetriamine-N,N,N′,N′′,N′′-pentaacetic acid and N,N,N′,N′-tetrakis(2-
pyridylmethyl)ethylenediamine (DTPA and TPEN, respectively), were purchased from Dojindo 
Molecular Technologies, Inc. (Kumamoto, Japan). Other chemicals were purchased from Wako 
Pure Chemicals (Osaka, Japan) unless mentioned otherwise. 
(Figure 1 near here) 
2.2. Animals and cell preparation 
     Animal experiments were performed under the approval (No. 05279) by the Committee 
for Animal Experiments at the University of Tokushima. 
     Thymus glands were obtained from rats that were anesthetized with ether. To dissociate 
thymocytes, the sliced glands were triturated in chilled Tyrode's solution (2–4 °C). The pH of 
Tyrode's solution was adjusted at 7.4 by 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid and appropriate amount of NaOH. The cell suspension was incubated at 36–37 °C for 1 h 
before the experiments. It is noted that the suspension contained trace amounts (216.9 ± 14.4 
nM) of zinc from cell preparation 11. Thymocytes are employed for this model experiment of 
cytotoxicity caused by chemical reagents because of following reasons. First, single dissociated 
cells with intact membranes are obtained because no enzymatic treatment was required to 
isolate single cells. Second, several types of chemical and biological substances cause cell death 
in thymocytes 12–14. Third, the process of cell death (necrosis, apoptosis, and autophagy) in 
thymocytes is well studied 15–17. 
     Ziram (0.1–1 mM in 2 µL DMSO) and/or ZnCl2 (0.1–10 mM in 2 µL distilled water) 
were applied to 2 mL of suspensions in test tubes and incubated at 36–37°C for 2–4 h. A sample  
(100 µL) from 2 mL of each suspension was cytometrically analyzed by a flow cytometry. The 
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data acquisition time for 2500 cells per one measurement was 10–15 s. 
2.3. Fluorescence measurements of cellular parameters 
     To estimate lethality of rat thymocytes, 5 µM propidium iodide was added to the cell 
suspension because propidium stains dead cells and cells with compromised membranes. The 
superoxide anions in the cells were detected using 5 µM hydroethidine 18. The cells were treated 
with hydroethidine for 30 min and then test agents were added to the cell suspension. The 
cellular content of glutathione was estimated with 5-chloromethylfluorescein diacetate (5-CMF-
DA) 19. The cells were incubated with 5-CMF-DA for 30 min before the measurement of 5-CMF 
fluorescence. 
     The fluorescence as membrane and intracellular parameters were measured from the cells 
using a flow cytometer (CytoACE-150; JASCO, Tokyo, Japan) with the software (Version 3.06; 
JASCO). Excitation wavelength of argon laser was 488 nM. Emissions from the cells were 
detected at 530 ± 20 nm (green fluorescence) for 5-CMF fluorescence and at 600 ± 20 nm (red 
fluorescence) for propidium and ethidium fluorescence. 5-CMF fluorescence was monitored in 
living cells without propidium fluorescence. No fluorescence from chemical reagents except for 
fluorescent dyes was detected under present experimental conditions.  
2.4. WST assay 
     Cells were incubated with the WST-1 reagent (Dojindo Molecular Technologies, Inc.,  
Kumamoto, Japan) for 2 h in a 96-well tissue culture plate after the cells were co-treated with 
0.3 µM Ziram and 10 µM ZnCl2 for 3 h. Thereafter, the formation of formazan was quantitated 
with a microplate reader (MTP-310Lab, Corona Electric, Hitachinaka, Japan). The measured 
absorbance at 450 nm correlates with the number of viable cells. 
2.5. Statistical test and data representation 
     Statistical tests were conducted using ANOVA with Tukey's multivariate analysis. P-
values of < 0.05 were considered significant. Results were expressed as mean and standard 
deviation of 4–8 samples. Each series of experiments was repeated three times unless specified 
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otherwise.  
 
3. Results 
3.1. Ziram-induced increase in cell lethality 
     The treatment of rat thymocytes with 1 µM Ziram for 4 h significantly increased the 
population of cells showing propidium fluorescence, indicating the increase in cell lethality by 
Ziram (Fig. 2A). This Ziram action was associated with decrease in forward scatter intensity of 
living cells. The intensity decreased significantly from 152.2 ± 1.7 (mean ± S.D. of four 
samples) to 138.1 ± 0.7 in the presence of 1 µM Ziram, showing that Ziram induced cell 
shrinkage. This decrease was statistically significant (P < 0.01). Ziram at a concentration of 0.3 
µM did not significantly increase the cell lethality (Fig. 2B). Therefore, 0.3 µM Ziram was 
considered as the threshold concentration under the present condition. However, 0.3 µM Ziram 
slightly increased side scatter, a parameter of cell density (Fig. 2C). 
(Figure 2 near here) 
3.2. Effects of Zn2+ chelators on Ziram-induced increase in cell lethality 
     Ziram increased intracellular Zn2+ concentration ([Zn2+]i) via Zn2+ influx 6. We proposed 
that if Zn2+ was involved in Ziram-induced increase in lethality, the chelation of Zn2+ by using 
DTPA or TPEN would attenuate the cytotoxicity of Ziram. The treatment of cells with the Zn2+ 
chelators separately for 4 h did not change the cell lethality. Ziram at 1 µM did not increase cell 
lethality in the presence of the Zn2+ chelators (Fig. 3), suggesting the involvement of Zn2+ in 
Ziram-induced cytotoxicity. 
(Figure 3 near here) 
3.3. Effect of ZnCl2 on cells treated with Ziram 
     Ziram at a sublethal concentration (0.3 µM), slightly but significantly, elevated [Zn2+]i, 
and the simultaneous application of Ziram and ZnCl2 induced a further profound elevation of 
[Zn2+]i 19. We proposed that if the cytotoxicity of Ziram was dependent on Zn2+, the combination 
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of Ziram and ZnCl2 would have greatly increased the cell lethality. Ziram at a sublethal 
concentration of 0.3 µM greatly increased cell lethality in the presence of 10 µM ZnCl2 (Fig. 
4A). This was also observed in the case of 1 µM Ziram. These results suggest the Zn2+ 
dependence of Ziram cytotoxicity. The suggestion was supported by the results obtained with 
WST assay. As shown in Fig. 4B, the co-treatment of cells with 0.3 µM Ziram and 10 µM 
ZnCl2 for 3 h significantly reduced the cell viability. Interesting phenomenon was observed in 
the living cells simultaneously treated with 0.3 µM Ziram and 10 µM ZnCl2. There was a 
reduction of cell volume (cell shrinkage) of living cells co-treated with Ziram and ZnCl2 (Fig. 
4C). Cell shrinkage is known as one of parameters during an early stage of apoptosis 21. 
(Figure 4 near here) 
3.4. Zn2+-dependent cytotoxicity of Ziram under cold conditions 
     The increase in [Zn2+]i induced by treatment with ZnCl2 or Ziram or both was 
significantly attenuated under cold conditions (4°C). The increase in cell lethality by 1 µM 
Ziram with and without 10 µM ZnCl2 was completely suppressed under cold conditions (Fig. 5). 
These findings showed that the Zn2+-dependent cytotoxicity of Ziram was completely inhibited 
under cold conditions. 
(Figure 5 near here) 
3.5. Changes in cellular content of GSH induced by Ziram, ZnCl2, and their combination 
     The treatment of cells with ZnCl2 increased the cellular content of GSH via an elevation 
in [Zn2+]i 20. The treatment of cells with 10 µM ZnCl2 for 2 h increased the intensity of 5-CMF 
fluorescence whereas treatment with 0.3 µM Ziram did not increase the intensity (Fig. 6). The 
simultaneous treatment of cells with 0.3 µM Ziram and 10 µM ZnCl2 for 2 h significantly 
attenuated 5-CMF fluorescence (Fig. 6). Thus, the combination of Ziram and ZnCl2 induced the 
depletion of cellular GSH. 
(Figure 6 near here) 
3.6. Effects of Ziram, ZnCl2, and their combination on production of superoxide anions 
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     The effect of simultaneous application of 0.3 µM Ziram and 10 µM ZnCl2 on oxidative 
stress is depicted in Fig. 6. Hydroethidine upon reaction with cellular superoxide anions forms 
ethidium that intercalates with DNA. The treatment of cells separately with either Ziram or 
ZnCl2 for 2 h did not increase the ethidium fluorescence (Fig. 7). When the cells were 
simultaneously treated with 0.3 µM Ziram and 10 µM ZnCl2 for 2 h, the intensity of ethidium 
fluorescence significantly augmented (Fig. 7). Thus, it is likely that the simultaneous treatment 
with Ziram and ZnCl2 produced an excessive increase in the cellular content of superoxide 
anions. 
(Figure 7 near here) 
 
4. Discussion 
4.1. Zn2+-dependent cytotoxicity of Ziram 
     Ziram increased [Ca2+]i in neuronal cells 22. This was reminiscent of the possibility that 
Ziram induced a nonspecific increase in membrane permeability because it also increased 
[Zn2+]i 19. However, the augmentation of Fluo-3 fluorescence, an indicator of intracellular Ca2+, 
by Ziram was not observed in the presence of TPEN, a chelator of intracellular Zn2+. Thus, 
Ziram specifically increases membrane Zn2+ permeability in rat thymocytes.  
     The graphs in Figs. 2 and 3 clearly show that the cytotoxicity of Ziram is Zn2+-dependent. 
We observed that Ziram increased [Zn2+]i by increasing Zn2+ influx in rat thymocytes 19,. 
Although the application of ZnCl2 further augmented the Ziram-induced elevation of Zn2+, the 
chelation of external Zn2+ by DTPA attenuated it. The changes in cell lethality induced by 
Ziram (Figs. 2 and 3) seemed to be synchronized with the changes in [Zn2+]i induced by Ziram 
when the cells were simultaneously treated with ZnCl2 or DTPA. The increase in [Zn2+]i by 
Ziram and ZnCl2 was significantly attenuated under cold conditions. Thus, the Ziram-induced 
cytotoxicity was also attenuated under cold conditions (Fig. 5), supporting the suggestion that 
the cytotoxicity of Ziram is Zn2+-dependent. 
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     Simultaneous treatment with 0.3 µM Ziram and 10 µM ZnCl2 greatly decreased the 
cellular GSH content, whereas treatment with ZnCl2 alone increased the cellular GSH content 
and treatment with Ziram alone did not cause any change (Fig. 6). The superoxide anion content 
in cells simultaneously treated with 0.3 µM Ziram and 10 µM ZnCl2 significantly increased, 
whereas it did not increase when the cells were treated with either Ziram or ZnCl2 (Fig. 7). The 
simultaneous treatment with 0.3 µM Ziram and 10 µM ZnCl2 induced an excessive elevation of 
[Zn2+]i 19. Excessive elevation of [Zn2+]i was reported to induce oxidative stress or increase the 
vulnerability to oxidative stress or both 23–25. Thus, it was considered that the increase in the 
cellular content of superoxide anions induced by the treatment with of Ziram and ZnCl2 induced 
oxidative stress that decreased cellular GSH content. 
4.2. Implication 
     Ziram protects plants from fungal infection 1,2,26. The use of Ziram has expanded because 
of its utility as an antifouling agent 27. Therefore, the environmental and health risk associated 
with Ziram use is of concern 2,3. As Zn2+ potentiates the cytotoxicity of Ziram as described in 
this study, the environmental level of Zn2+ is critical for the evaluation of the environmental 
toxicity of Ziram. Zinc is widely used in many industries, and the wastewater from these 
industries is polluted with the excessive amount of zinc discharged through the waste 7. The 
concentration of zinc varies among rivers. The calculated zinc concentrations in samples 
collected from the polluted rivers were 2.1–102.4 µM as described in the Introduction. Since 
the concentration of ZnCl2 used in this study was 10 µM, equivalent to 0.65 mg/L of Zinc, it 
may be considered that the zinc concentration of samples collected from some testing points of 
rivers affected the toxicity of Ziram. Therefore, the environmental zinc level is important to 
evaluate the toxicity of Ziram to wild animals. The Zn2+-induced potentiation of cytotoxicity is 
not specific for Ziram because the simultaneous application of ZnCl2 also augmented the 
cytotoxicity of imidazole antifungals 28.  
     According to the Pesticide Effects Determination reported from Environmental Fate and 
-10- 
Effects Division, Office of Pesticide Programs (Washington DC, USA) 29, estimated aquatic 
peak concentrations of Ziram in surface water near Californian farms, USA were 9.89-43.7 µg/L 
(0.032-0.142 µM). Under in vitro conditions, the co-treatment of cells with 0.3 µM Ziram and 
10 µM ZnCl2 greatly increased cell lethality. If Ziram is absorbed and accumulated in wild 
animals, the toxicity of Ziram would be dependent on the extracellular Zn2+ concentration. 
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Figure legends 
 
Fig. 1. Structure of Ziram. 
 
Fig. 2. Change in cell lethality induced by Ziram. (A) Ziram-induced change represented in 
cytogram (propidium fluorescence versus forward scatter). The cytogram was constructed with 
2500 cells. The dotted line under the cytogram indicates the population of cells exhibiting 
propidium fluorescence, dead cells, or the cells with compromised membranes. (B) 
Concentration-dependent change in cell lethality induced by Ziram. (C) Concentration-
dependent change in side scatter intensity induced by Ziram. Column and bar depict the mean 
value and standard deviation of four samples, respectively. Asterisks (**) indicate the 
significant differences (P < 0.01) between the control group (CONTROL) and the group of cells 
treated with Ziram. 
 
Fig. 3. Effects of Zn2+ chelators (DTPA and TPEN) on the cytotoxicity of Ziram. Column and 
bar depict the mean value and standard deviation of four samples, respectively. Asterisks (**) 
indicate the significant differences (P < 0.01) between the control group (CONTROL) and the 
group of cells treated with Ziram or respective Zn2+ chelator or both. 
 
Fig. 4. Changes in the cytotoxicity of Ziram caused by ZnCl2. (A) Increase in cell lethality by 
the co-treatment with Ziram and ZnCl2. (B) Decrease in cell viability by the co-treatment with 
0.3 µM Ziram and 10 µM ZnCl2. Experiment was carried out with WST assay. (C) Reduction of 
cell volume ratio in the cells simultaneously treated with 0.3 µM Ziram and 10 µM ZnCl2. 
Relative changes in cell volume were tentatively calculated by third power of mean cell size 
(relative intensity of forward scatter). Column and bar depict the mean value and standard 
deviation of four samples, respectively. Asterisks (**) indicate the significant differences (P < 
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0.01) between the control group (CONTROL) and the group of cells treated with Ziram or 
ZnCl2 or both. Symbol (##) indicates the significant difference (P < 0.01) between the groups of 
cells treated with and without ZnCl2.  
 
Fig. 5. Cytotoxicity of Ziram under cold conditions. Column and bar depict the mean value and 
standard deviation of four samples, respectively. Asterisks (**) indicate the significant 
differences (P < 0.01) between the control group (CONTROL) and the group of cells treated 
with Ziram or ZnCl2 or both. Symbol (##) indicates the significant difference (P < 0.01) between 
the groups of cells treated with and without ZnCl2. 
 
Fig. 6. Changes in the intensity of 5-CMF fluorescence by Ziram, ZnCl2, and their combination. 
Column and bar depict the mean value and standard deviation of four samples, respectively. 
Asterisks (**) indicate the significant differences (P < 0.01) between the control group 
(CONTROL) and the group of cells treated with Ziram or the combination of Ziram and ZnCl2. 
Symbol (##) indicates the significant difference (P < 0.01) between the group of cells treated 
simultaneously with Ziram and ZnCl2 and other groups. 
 
Fig. 7. Changes in the intensity of ethidium fluorescence by treatment with Ziram, ZnCl2, and 
their combination. Column and bar depict the mean value and standard deviation of four 
samples, respectively. Asterisks (**) indicate the significant differences (P < 0.01) between the 
control group (CONTROL) and the group of cells treated with Ziram or the combination of 
Ziram and ZnCl2. Symbol (##) indicates the significant difference (P < 0.01) between the group 
of cells simultaneously treated with Ziram and ZnCl2 and other groups. 
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